The Fe-Si/MnZn(Fe 2 O 4 ) 2 composite powders are synthetized by means of the mechanical milling, and Fe-Si/MnZn(Fe 2 O 4 ) 2 soft magnetic composites are prepared by spark plasma sintering (SPS). The impact of milling time on particle size, phase structure and magnetic properties of the investigative core-shell structure powders along with that of sintering temperature on microstructure and magnetic properties of FeSi-MnZn(Fe 2 O 4 ) 2 soft magnetic composite are studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), and vibrating sample magnetometer (VSM). The experimental results demonstrate a layer of MnZn(Fe 2 O 4 ) 2 forming a coating on the surface of Fe-Si powder after mechanical milling, and the soft magnetic composites exhibiting excellent magnetic performance at 900 • C: 212.49 emu/g for saturation magnetization, with 6.89 Oe for coercivity, 3 × 10 −4 Ω.m for electrical resistivity and stable amplitude permeability and low core loss over a wide frequency range. Therefore, SPS offers a convenient and swift way to enhance performance of soft magnetic composites using magnetic materials as insulting layer.
Introduction
The soft magnetic composites (SMCs) are described as the electrical insulating materials covering on the surface of ferromagnetic powder particles. They have, in recently years, stolen the limelight resulting from advantages of three-dimensional isotropy (3D), slight eddy current loss, and comparatively mild total loss at medium and high frequencies [1] [2] [3] . Generally speaking, the hysteresis loss (Wh), the eddy current loss (We) and the residual loss are entirely composed of the core loss (W) of SMCs [4, 5] . As everyone knows, eddy current loss (We) as the main core loss in SMCs causes approximately 10% of electrical energy lose during electromagnetic transmission and distribution at middle and high frequencies. Therefore, the pressing issue has to do with the preparation of SMCs with lower core loss, because the value of We matters to the effective radius of the eddy current (r) and the electrical resistivity (ρ). The use of apposite insulating materials can diminish the radius of the eddy current (r) and advance the electrical resistivity (ρ). As a rule, insulating materials can be classified into organics and in-organics insulating materials. The organics materials, unfortunately, have a limit of heat treatment temperature below 400 • C which leads to a sharp deterioration in magnetic properties and mechanics of SMCs during subsequent annealing process. On the contrary, in-organic insulating materials increase the heat-treatment temperature and improve the properties of SMCs. So far, a number of oxide ceramics, such as SiO 2 [6], ZrO 2 [7] and Al 2 O 3 [8] , have been perceived as fine insulating materials to reduce core loss in SMCs and improve electrical resistivity. However, due to their non-magnetic with since they are nonmagnetic, they have a tendency to lower saturated magnetic induction density and permeability, and to augment coercivity and hysteresis loss. The ferrite is a magnetic material which could add saturated magnetic induction density and permeability and also reduce coercivity of the SMCs owing to its high resistance and nice soft magnetic properties when used as an insulting material. Several methods have been utilized for the preparation of such composites powder. Yuandong Peng [9] have synthesized iron/(NiZn)Fe 2 O 4 by microwave treatment, and achieved stable permeability and low core loss over a wide frequency range. M. Lauda [10] has prepared FeSi/MnZnFe 2 O 4 through sol-gel synthesis together with the auto-combustion process, and gets better soft magnetic properties.
In this paper, the Fe-Si/MnZn-ferrite composite powders with a core-shell structure have been designed. Firstly, the nano-MnZn ferrite particles with fine distribution and purity are synthesized via a sol-gel autocombustion method and relevant details are elucidated in [11] . Soon after, we adopt a way of mechanical milling to make composite powders with MnZn-ferrite powder solely covering on the surface of Fe-Si powders. Besides, the objective powders obtain wonderful magnetic properties with low core loss and high resistivity.
Nevertheless, Fe-Si alloy is highly brittle due to large silicon content and forms ordered phases, such as B2 and DO3 phases, with its ductility to almost zero at room temperature [12, 13] . Therefore, it is of crucial importance to develop a novel method to avoid the difficulties caused by the brittleness of Fe-Si alloy apart from the conventional powder metallurgy process. Recently, a new powder metallurgy technique named spark plasma sintering (SPS) characterized by rapid and efficient sinter ceramic, metal ceramic and metal compound nano-materials at low temperature [14] [15] [16] has attracted intensive attention. During SPS sintering process, the instantaneous discharge of the plasma causes the particles to uniformly produce Joule heat and activate the particles surface. And plentiful Fe-Si soft magnetic composites like Fe-Si/SiO 2 [17] , Fe-Si/MgO [18] , have been successfully produced by SPS.
In this paper, the Fe-Si MnZn(Fe 2 O 4 ) 2 composite powders are synthetized by means of the mechanical milling, and then Fe-Si/MnZn(Fe 2 O 4 ) 2 soft magnetic composites are prepared by SPS. The impact of milling time on fabricate Fe-Si/MnZn(Fe 2 O 4 ) 2 composite powders and that of the sintering temperature on the microstructure, magnetic properties of soft magnetic composites are investigated.
Experimental

Materials and Preparation
Raw materials are composed of gas atomized Fe-6.5 wt.% Si (referred to as Fe-Si) powders (commercial purchased) and MnZn(Fe 2 O 4 ) 2 powder, (by sol-gel autocombustion described in literature [11] ) and the MnZn(Fe 2 O 4 ) 2 powder at a ratio of 10 mass%, they are mixed by mechanical milling at a ratary rate of 300 rpm in a planetary ball mill for 0 h, 2 h, 4 h and 8 h, respectively, argon atmosphere is taken during milling process. The composite powders are sintered in a SPS furnace (Model SPS3.20MK-IV, Sumitomo Coal Mining Co., Ltd., Tokyo, Japan) and Figure 1 shows the diagram of SPS sintering pressure of 60 MPa, holding time of 8 min, and sintering temperature varying from 600 • C to 1000 • C. The specimens are sliced to ring cores with the size of 20 mm in outer diameter and 16 mm in inner diameter and 3 mm in thickness, shown in Figure 2 . Finally, a raw Fe-Si alloy specimen without any insulating materials was also prepared under the same conditions. 
Characterizations
The crystalline structure and phase identification are tested by X-ray diffraction (XRD) (DX-2007, Dandong Fang Yuan Co., Ltd., Dandong, China). The morphology and microstructures are characterized by scanning electron microscopy (SEM) (Nova Nano-SEM 450, FEI, Hillsboro, OR, USA) coupled with an energy-dispersive spectroscopy (EDS) (Ultra, EDAX, Mahwah, NJ, USA). The density of the specimens is measured via Archimedes using ethanol as immersion fluid. The static magnetic properties are tested at room temperature using vibrating sample magnetometer (VSM) (Quantum Design, San Diego, CA, USA). Core loss of the ring-shaped magnetic compacts is measured by soft magnetic AC measuring instrument (MATS-2010SA/500k, Linkioin, China). Figure 3 shows the SEM micrographs of the Fe-Si powders with and without coated MnZn(Fe2O4)2 powders. It can be observed that the raw Fe-Si powders turn to be spherical and the 
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The crystalline structure and phase identification are tested by X-ray diffraction (XRD) (DX-2007, Dandong Fang Yuan Co., Ltd., Dandong, China). The morphology and microstructures are characterized by scanning electron microscopy (SEM) (Nova Nano-SEM 450, FEI, Hillsboro, OR, USA) coupled with an energy-dispersive spectroscopy (EDS) (Ultra, EDAX, Mahwah, NJ, USA). The density of the specimens is measured via Archimedes using ethanol as immersion fluid. The static magnetic properties are tested at room temperature using vibrating sample magnetometer (VSM) (Quantum Design, San Diego, CA, USA). Core loss of the ring-shaped magnetic compacts is measured by soft magnetic AC measuring instrument (MATS-2010SA/500k, Linkioin, China).
Results and Discussion
3.1. Synthesis of Fe-6.5Si/MnZn(Fe 2 O 4 ) 2 Core-Shell Powders Figure 3 shows the SEM micrographs of the Fe-Si powders with and without coated MnZn(Fe 2 O 4 ) 2 powders. It can be observed that the raw Fe-Si powders turn to be spherical and the surface powders are rather smooth (Figure 3a) . After the mechanical milling process of covering MnZn(Fe 2 O 4 ) 2 powders, the composite powders become irregularly shaped and relatively rougher (Figure 3c ). And we can observe from the magnified image in the selected region of Figure 3d that the Fe-Si powders are evenly coated MnZn(Fe 2 O 4 ) 2 powders. According to the principle of EDS generation peak, the coating layer on the surfaces of Fe-Si powders has a certain thickness. The results show that the Fe-Si powder has undergone dramatic mechanical deformation during the milling process on account of the deformation of the powder and the disparate degree of pits on the surface.
4 of 14 Figure 3 shows the SEM micrographs of the Fe-Si powders with and without coated MnZn(Fe2O4)2 powders. It can be observed that the raw Fe-Si powders turn to be spherical and the surface powders are rather smooth (Figure 3a) . After the mechanical milling process of covering MnZn(Fe2O4)2 powders, the composite powders become irregularly shaped and relatively rougher (Figure 3c ). And we can observe from the magnified image in the selected region of Figure 3d that the Fe-Si powders are evenly coated MnZn(Fe2O4)2 powders. According to the principle of EDS generation peak, the coating layer on the surfaces of Fe-Si powders has a certain thickness. The results show that the Fe-Si powder has undergone dramatic mechanical deformation during the milling process on account of the deformation of the powder and the disparate degree of pits on the surface. (21), (148) distributed in MnZn(Fe 2 O 4 ) 2 phases as expected. We can also draw a conclusion that the MnZn(Fe 2 O 4 ) 2 powders merely bonds onto the surface of the Fe-Si powders and the chemical components do not vary through mechanical milling process. In addition, with the augment of the milling time, the width of Fe peaks become more broaden with broader and more weaken with weaker, indicating the powder plastic deformation, increasing tendency of stress, and refining of grain during mechanical milling.
patterns of the raw Fe-Si powders and the composites powders with various milling times are depicted in Figure 5 . As it can be seen from the patterns in Figure 5 , there are three characteristic diffraction peaks of the raw Fe-6.5 wt.% Si powder with (110), (200) and (211) of the α-Fe (Si) phases in comparison with the standard map of the JCPDS card 06-0696. Compared with the XRD pattern of MnZn(Fe2O4)2 powders ( Figure 6 ), we can discover that there are new peaks at with 2 degrees at (253), (21), (148) distributed in MnZn(Fe2O4)2 phases as expected. We can also draw a conclusion that the MnZn(Fe2O4)2 powders merely bonds onto the surface of the Fe-Si powders and the chemical components do not vary through mechanical milling process. In addition, with the augment of the milling time, the width of Fe peaks become more broaden with broader and more weaken with weaker, indicating the powder plastic deformation, increasing tendency of stress, and refining of grain during mechanical milling. 
Magnetic Properties of the Composite Powders
Figure 7 offers us the hysteresis loops of raw Fe-Si powders, MnZn(Fe2O4)2 powders and composite powders of different milling time. It can be deduced that the saturation magnetization (Ms) of the composite powders is slightly lower than that of the raw Fe-Si powders. It is mainly because of the composition of Ms which owns a composition and structure in the ferromagnetic phase. Beyond that, the volume fraction of Fe-Si powder is tiny with the presence of the MnZn(Fe2O4)2 insulating layer, leading to the reduction of composite powder named Ms. What's more, raising the milling time decreases Ms, implying that agglomeration of the MnZn(Fe2O4)2 
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where k e is proportionality constants, B max is the maximum flux density, and t is the thickness of material. Here, We is inversely proportional to the ρ and proportional to the square of the thickness. The remarkable core losses reduction could be ascribed to the insulation effect of MnZn(Fe 2 O 4 ) 2 particles. Reasons lie in that it not only significantly boosts the electrical resistivity but also confines the eddy current in the individual Fe-Si particles to enhance the energy conversion efficiency, especially at medium and high frequencies.
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Conclusions
In this study, MnZn(Fe2O4)2 insulating layers are successfully coated on Fe-Si powders by the use of mechanical milling. The composite powders are combined to magnetic powder cores with core-shell structures by SPS. the sintering process of Fe-6.5wt.%Si/MnZn(Fe2O4)2 alloy can be divided into three stages: the under-fire stage (600 °C-700 °C) where composite particle forms machine, the complete sintering stage (800 °C-900 °C) where composite particles Metallurgical combines, and the over-burning stage (1000 °C) where composite particles are melted and agglomerated. We confirm that the Fe-Si/MnZn(Fe2O4)2 composite powder cores with 900 °C display excellent soft magnetic properties: Ms of 212.49 emu/g, Hc of 6.89 Oe, high electrical resistivity and stable amplitude permeability and low core loss because of the MnZn(Fe2O4)2 insulating layers. These results are superior to other study which takes no-magnetic materials as insulting layer, indicating that SPS is an efficient way of fabricating soft magnetic composites with magnetic materials as insulting layer. And the core-shell structures demonstrate a useful inspiration to reduce core loss and stable permeability over a wide frequency range. 
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